INTRODUCTION
Cell-cell interactions mediated by the Notch receptor regulate cell fate in a wide range of developmental processes during animal development. One conserved function of Notch is to regulate binary fate decisions between sister cells within various cell lineages in insects [1] [2] [3] [4] [5] and mammals [6, 7] . Notch receptors are mechanosensitive transmembrane proteins with an extracellular ligand-binding domain and an intracellular domain acting as a membrane-tethered transcriptional coactivator [8] .
In the absence of ligands, receptors are in an auto-inhibited state. Ligand binding allows cellular forces to pull onto ligand-receptor complexes and unmask a cleavage site in the extracellular domain of Notch [9, 10] . Extracellular cleavage produces a membrane-tethered form of Notch, which is then further processed to release the Notch intracellular domain (NICD) that localizes to the nucleus and regulates gene expression.
Whereas the mechanism of receptor activation is well established, where ligand-dependent activation of Notch occurs at the cell surface remains unknown. Because both receptors and ligands accumulate at adherens junctions (AJs) in many epithelia [11] [12] [13] [14] [15] [16] and because Notch signaling appears to be functionally linked with E-cadherin [16] [17] [18] [19] [20] , it is often assumed that signaling takes place at the level of AJs. Nevertheless, earlier studies have suggested that receptor activation may occur at various locations, depending on developmental contexts, including apical cell surface [21] , cell-cell junctions [16] , basallateral membrane [22] , and basal filopodia [23] . Because the size and geometry of the contact site may regulate both the strength and the range of signaling [23, 24] , it is key to determine where at the cell surface Notch activation takes place.
Sensory lineages in Drosophila are well suited to study Notchdependent intra-lineage fate decisions [25] . In the dorsal thorax, or notum, sensory organ precursor cells (SOPs) are specified within a single-layered epithelium in early pupae [26] and divide asymmetrically to produce sensory organs [27] . SOPs first divide asymmetrically along the fly body axis to generate an anterior pIIb cell (precursor of the internal cells) and a posterior pIIa cell (precursor of the external cells) [28] . Fate asymmetry results from the unequal segregation of Numb and Neuralized (Neur) into pIIb [29] [30] [31] so that Notch is activated in pIIa and inhibited in pIIb [32, 33] . Numb inhibits the recycling of Notch and promotes its late-endosome targeting in pIIb [32, [34] [35] [36] [37] [38] , whereas Neur regulates the endocytosis of Delta (Dl) in pIIb [30, 31] . Using live imaging of GFP-tagged Notch, we previously showed that NICD was produced in pIIa during cytokinesis [32] . However, where NICD came from was not determined.
Here, we show that NICD is produced mostly from a subset of receptors located basal to the midbody during cytokinesis. This suggests a simple mechanism linking cytokinesis to intra-lineage fate decision via directional signaling by this pool of Notch.
RESULTS

Two Pools of Notch along the pIIa-pIIb Interface
We first re-examined the dynamics of Notch in living pupae using a GFP-tagged Notch, NiGFP, which we generated by CRISPRmediated homologous recombination (HR) (see STAR Methods). Low Notch levels were detected in SOPs prior to division and at the apical pIIa-pIIb interface during cytokinesis [32] (Figures 1A-1A'' and S1A-S1A''). We also confirmed that directional signaling occurred during cytokinesis, as measured using nuclear NiGFP level ( Figure 1B ; NICD levels reached a plateau at t30 in pIIa). Nuclear Notch levels appeared to correlate with the transcriptional activation of the E(spl)m8-HLH gene, a direct Notch target [39]: a similar kinetics was seen for a bacterial artificial chromosome (BAC)-encoded GFP-tagged E(spl)m8-HLH transgene (Figure 1C ; see STAR Methods). This indicated that Notch is rapidly activated after division to regulate the pIIa/pIIb decision.
In epithelia, cytokinesis can be viewed as a multicellular process, with both dividing cell and its immediate neighbors regulating the formation of the new contact region [40] . As reported earlier [41], we observed that epidermal cells formed stable finger-like protrusions separating the two SOP daughters at the level of the midbody between t15 and t30 (Figures 1D and  1E ; arrow in Figure 1D' ). Thus, the pIIa and pIIb cells were in direct contact both apical to the midbody ( Figures 1D and 1E) , where new AJ complexes form (Figures S1A-S1A''), and basal to the midbody ( Figures 1D'' and 1E ). Using the midbody as a position landmark (detected as a faint spot using iRFP670nls; Figures S1B-S1B''), we defined an apical and a lateral pool of Notch. Apical NiGFP transiently accumulated [13, 32] , reaching a peak $15 min after anaphase ( Figure 1F ), whereas low levels of NiGFP were detected basal to the midbody (Figures 1A', 1F', and S1A').
Delta and Neuralized Localize Basal to the Midbody during Cytokinesis
The observation of these two pools of Notch raised the question of their relative contribution to the production of NICD. Several observations suggested that the lateral pool of Notch might contribute to signaling. First, ectopic activation of Notch in numb mutant cells correlated with an accumulation of Notch basal, but not apical, to the midbody during cytokinesis ( Figures  1F-1G'') [32]. Thus, Numb appeared to inhibit the recycling of Notch toward the lateral pIIa-pIIb interface [34] [35] [36] , and this lateral Notch might contribute to ectopic signaling in pIIb (Figure S2A) . Second, blocking g-secretase activity in Presenilin (Psn) mutant cells led to increased NiGFP levels basal to the midbody ( Figures 1H-1H ''), consistent with lateral Notch remaining unprocessed in Psn mutant cells. Third, in fixed nota, endogenous Dl was primarily detected along the lateral pIIa-pIIb interface, basal to the midbody, and not at the level of AJs ( Figures  2A-2A'') [31, 42, 43] . Similarly, a GFP-tagged Dl generated by (A-A'') NiGFP (green) transiently accumulated at the apical pIIa-pIIb interface at t15 in living pupae. The pIIa/pIIb nuclei (outlined in A') were marked with iRFP670nls. A faint NiGFP signal was detected along the lateral interface at t15 (arrow, A'; the apical surface area of the pIIa and pIIb cells are indicated in A). In these and other panels, the ''apical'' and ''basal'' labels refer to the x,y sections showing the apical and ''lateral'' populations of Notch receptors (see E).
(B and C) Quantification of nuclear NiGFP (B) and GFP-E(spl)m8-HLH (C) levels during cytokinesis (t0; metaphase-anaphase transition). Nuclear NiGFP (n R 21 for each time point) and GFP-E(spl)m8-HLH (n R 18) reached a plateau at t30. Data are represented as mean ± SEM. (D-D'') Morphology of the pIIa-pIIb contact at t30 (BazCherry, magenta; DlgGFP, green; iRFP670nls, red). Two contact regions were seen apical and basal to the midbody. Note the absence of pIIa-pIIb contact at the level of the midbody (arrow in D'). (E) Schematic representation of the apical and lateral contact regions along the pIIa-pIIb interface. (F and F') Quantification of the apical (F) and lateral (F') pools of NiGFP in wild-type (green; n R 21) and numb RNAi (red; n R 27) pupae. Significant levels of NiGFP were transiently detected apical to the midbody in wild-type pupae. The silencing of numb led to NiGFP accumulation specifically at the lateral interface. Data are represented as mean ± SEM. (G-G'') NiGFP (green; iRFP670nls; marking the pIIa/pIIb nuclei, red) accumulated in dots along the lateral interface (arrow) at t15 in numb RNAi pupae.
(H-H'') The loss of Psn activity in mutant clones led to the accumulation of NiGFP (green) along the lateral pIIa-pIIb interface in living mosaic pupae (arrow; pIIa/pIIb nuclei were identified using iRFP670nls, red; mutant cells were marked by the loss of a RFP marker, white; only isolated mutant SOPs were studied). In these and all other panels, anterior is left (i.e., pIIb, left, and pIIa, right) and scale bars are 5 mm. See also Figure S1 . Figure S2B ).
CRISPR-HR
Importantly, DlGFP strongly accumulated basal to the midbody (and also, to a lesser extent, apical) at t15 upon inhibition of Neur ( Figures S2C and S2C' ). Thus, Neur appeared to regulate the endocytosis of Dl from the lateral membrane. Because the endocytosis of Dl by Neur is essential in pIIb for the activation of Notch in pIIa [31] , receptor activation most likely occurred basal to the midbody. Consistently, Neur localized transiently along the lateral pIIa-pIIb interface from t5 to t15, before accumulating apically ( Figures 2E-2E '', S2D, and S2D'; Neur dynamics was monitored using a functional GFP-tagged version of Neur). Together, these data suggested that Dl is endocytosed in a Neur-dependent manner from the lateral membrane of pIIb to activate the lateral pool of Notch in pIIa.
NICD Is Produced from Receptors that Turn Over Rapidly
We next addressed where Notch is activated, i.e., where NICD comes from. We previously reported that GFP-tagged Notch was present at the plasma membrane, early endosomes, and late endosomes but that receptors accumulating in late endosomes were not detected by direct fluorescence in living flies due to quenching at low pH [38] . However, because GFP responds reversibly to pH changes [48] , GFP-tagged NICD produced from receptors located at late endosomes should be fluorescent in the nucleus. To address whether late endosomal Notch contributed to NICD production, we took advantage of a dual-tagged Notch marked intracellularly with both GFP and Cherry, NiGFP4Cherry5 [38] ( Figure 3A ). Because it takes longer for Cherry to become fluorescent relative to GFP, due to slower protein folding and/or chromophore maturation [38, 49] , this dual tag acts as a pH-sensitive protein timer for Notch: ''young'' receptors located at the plasma membrane and in early endosomes are mostly GFP-positive and Cherry-negative whereas ''old'' receptors accumulating in endo-lysosomes are GFP quenched and Cherry-positive ( Figure 3B ) [38] . These would therefore produce GFP-and Cherry-positive NICD. To test whether NICD originates in part from late endosomes, we measured the fluorescence of GFP-and Cherry-tagged NICD. We found that NICD was GFP-positive but Cherry-negative in pIIa (Figures 3C-3E ; no signal was detected in pIIb). This indicated that receptors localizing within late endosomes did not participate to signaling in pIIa. However, it is conceivable that GFP-positive and Cherry-negative receptors exist at the limiting membrane and contribute to the generation of NICD. It also indicated that NICD half-life was shorter than Cherry maturation half-time [49] and that NICD was produced from receptors that turn over too rapidly to become Cherry-positive. Tracking the Origin of NICD Using Selective Photobleaching We next sought to determine the relative contribution of apical and lateral Notch to NICD production in pIIa using photo-bleaching. In principle, selective bleaching of one specific pool of Notch could reveal its contribution to NICD production through a corresponding decrease in nuclear fluorescence in pIIa ( Figure 4A ). This approach had two pre-requisites. First, selective bleaching had to be achieved along the z axis. This was possible at positions where the pIIa-pIIb interface was tilted relative to the laser path (Figures 4B-4B''). Second, the exchange rate of Notch between the apical and lateral contact regions should be slow relative to the timescale of nuclear Notch accumulation. Otherwise, bleaching one pool would also result in a fluorescence decrease of the other pool, thus preventing us from tracking back the origin of bleached NICD. We found that bleaching apical NiGFP at t15, t20, and t25 efficiently bleached the apical pool of NiGFP with no significant effect on lateral NiGFP fluorescence at t30 (Figures 4C, 4C', and S3A-S3B'; the effect of photo-bleaching was measured at t30 because NICD levels reached a plateau at t30 in pIIa). Conversely, repeated bleaching of lateral NiGFP efficiently reduced fluorescence levels at this location with no significant effect on apical NiGFP fluorescence (Figures 4E, 4E', and S3C-S3D'). We could therefore use photo-bleaching to examine where NICD comes from. We first found that bleaching the lateral pool at t15, t20, and t25 decreased nuclear NiGFP fluorescence in pIIa at t30 ( Figures 4E and 4F ). Thus, receptors located in the bleached area were processed to generate NICD molecules translocating to the pIIa nucleus within 5-15 min. A single photo-bleaching at t15 was sufficient to decrease nuclear fluorescence at t30 (Figures S3G and S3H), indicating that receptors present along the lateral interface at t15 produced a fraction of NICD found at t30 in the nucleus. By contrast, bleaching the apical pool of NiGFP had no significant effect of the level of nuclear GFP in pIIa ( Figures 4D, S3E , and S3F). Thus, receptors apical to the midbody did not significantly contribute to signaling.
We repeated these photo-bleaching experiments in pupal legs, which can be imaged as cross-section views ( Figure 4G ), hence providing better spatial resolution along the apical-basal axis. SOPs divide around the same time in pupal legs and nota and GFP-tagged NICD similarly accumulated in pIIa ( Figures  S4A and S4A' ). Also, a lateral pool of NiGFP was detected along the pIIa-pIIb interface ( Figure 4H ). Photo-bleaching this lateral pool resulted in low nuclear GFP fluorescence, whereas bleaching apical NiGFP had no significant effect ( Figures 4I and 4J) . These results confirmed that receptors located along the lateral pIIa-pIIb interface produced NICD in pIIa, whereas signaling by apical Notch was not detectable by this approach.
Photo-Convertible Notch Confirms that Lateral Notch Produces NICD Next, to positively mark selective pools of Notch, we used the green-to-red photo-convertible fluorescent protein mMaple3 [50] and generated a knockin NimMaple3 receptor by CRISPRmediated HR ( Figure 5A ; mMaple3 was introduced at the same position as GFP in NiGFP). N imMaple3 flies were viable and fertile, with no detectable phenotype, indicating that the NimMaple3 receptor was functional. Importantly, the maturation kinetics of mMaple3 was fast enough to detect the green fluorescence of NimMaple3 at the cell cortex in the absence of photo-conversion ( Figure 5B ) and NimMaple3 was efficiently photo-converted by UV light ( Figures 5B-5C') . Additionally, photo-converted NimMaple3 was detected in the pIIa nucleus at t30 (Figures 5D-5E''): using raw intensity values to calculate pIIa/pIIb ratios, we found a weak but statistically significant difference upon UV illumination ( Figure 5F ). Because a small number of photoconverted NICD molecules might be present in the volume of the pIIa nucleus, only few pixels might actually measure photoconverted NimMaple3, whereas most pixels measured noise. We therefore applied increasing threshold values (to select from 50% to 5% of the brightest pixels of the pIIa nucleus) and calculated pIIa/pIIb ratios using thresholded images (see STAR Methods). This image processing led to increasing pIIa/pIIb and Cherry (red) are intracellular. Upon synthesis of Notch, GFP, and Cherry are in a dark immature state. NiGFP4Cherry5 molecules are more likely to become first GFP-bright and Cherry-dark due to the faster maturation of GFP relative to Cherry, before being both GFP-and Cherry-bright. GFP-brightonly molecules were detected at the cell surface and in early endosomes, whereas Cherry-bright receptors were detected into acidic intracellular compartments (where GFP is quenched at low pH). (B-B'') Selective photo-bleaching of the pIIa-pIIb interface (shown here using CadGFP, green; nuclei marked with iRFP670nls, red) in the notum. The position of the apical interface (yellow dotted box in B) did not coincide with the lateral membrane (B') due to a posterior tilt of the pIIa-pIIb interface (B''; white dotted lines show the angle of the pIIa-pIIb interface relative to the apical-basal axis).
(C-F) Effect of selective photo-bleaching (apical pool, C and C'; lateral pool, E and E') on nuclear NiGFP fluorescence (D and F). The apical and lateral fluorescence profiles of NiGFP at t30 (control, green) were specifically changed upon repeated photo-bleaching. Apical photo-bleaching efficiently reduced the fluorescence of apical NiGFP (C, blue) but had no effect on basal NiGFP (C', blue profile) and vice versa (E and E'; brown profiles). Photo-bleaching the lateral pool of NiGFP specifically reduced the level of nuclear NiGFP fluorescence in pIIa at t30 (F; n = 19). By contrast, photo-bleaching the lateral pool of NiGFP had no significant effect (D; n = 21). In (C), (C'), (E), and (E'), data are represented as mean ± SEM. (G) Live imaging of sensory cells in pupal legs. Pupae are mounted legs up (top). Pupal legs appeared as tubular epithelia at the body surface so that pIIa-pIIb cells located laterally could be imaged on side views (bottom).
(legend continued on next page) ratios ( Figure 5F ), indicative of higher signal-to-noise ratios. Thus, photo-converted nuclear Notch was detectable in pIIa. Additionally, applying this image processing to the GFP and Cherry signals of NiGFP4Cherry5 increased signal-to-noise ratios for GFP, but not Cherry ( Figures S4B and S4B' ). This confirmed that Cherry-fluorescent Notch did not contribute to NICD production. We then photo-converted the apical and basal pools of NimMaple3 in pIIa-pIIb cell pairs in pupal legs. Repeated photo-conversion of the apical pool had a minor effect on the pIIa/pIIb ratio relative to the no UV illumination control ( Figures  5H, S4C-S4C '', S4E, and S4E'), indicating that apical receptors had only a minor contribution to the production of NICD. By contrast, photo-conversion of the lateral pool led to a clear increase of the pIIa/pIIb ratio at t30 ( Figures 5G, 5H , and S4D-S4E'). We conclude that NICD was produced in pIIa mostly from a pool of receptors located at (or close to) the lateral interface at t15-t25. Thus, using two different photo-tracking approaches, we found that Notch receptors present basal to the midbody along the pIIa-pIIb interface at any time between t15 and t25 contributed to the accumulation of NICD at t30, whereas receptors located apical to the midbody did not significantly contribute to NICD production. We therefore propose that Notch receptor activation mostly occurs on the pIIa side of the pIIa-pIIb interface and that only a specific subset of Notch receptors regulates the pIIa-pIIb fate decision.
DISCUSSION
Several methods are currently available to monitor in vivo the signaling activity of Notch by measuring the level and/or activity of NICD [32, 51, 52] . By contrast, in vivo reporters for ligand-receptor interaction, conformational change of Notch in response to mechanical force, and S2 cleavage of Notch are lacking.
(H) Distribution of NiGFP (green) and BazCherry (magenta) along the pIIa-pIIb interface in pupal legs of living pupae. The lateral pool of NiGFP was clearly observed at t15. (I and J) Nuclear NiGFP fluorescence at t30 following selective photo-bleaching in pupal legs. Bleaching the apical pool of NiGFP had no significant effect (I; n = 19), whereas bleaching the lateral pool specifically reduced nuclear NiGFP fluorescence in pIIa (J; n = 21). n.s., not significant; ***p < 0.001. See also Figure S3 . Figure 3A ). mMaple3 was inserted at position 2388 by CRISPR-mediated HR.
(B-C') NimMaple3 was detected at the cell cortex prior to photo-conversion (B; green channel) and was efficiently photo-converted (C', red channel).
(D-E'') Photo-converted NimMaple3 (red/false colors) was detected in pIIa nuclei (SensGFP, green) at t30 in pupal legs. The red fluorescence emitted by NimMaple3 was measured before (D-D'') and after photo-conversion (E-E''). Raw (D' and E') and processed signals (D'' and E''; using a threshold selecting the 5% brightest pixels of pIIa) are shown. Note the strong auto-fluorescence signal from the pre-cuticle (asterisk in D and E).
(F) Plot showing the pIIa/pIIb ratio values of nuclear photo-converted NimMaple3 for different thresholds (indicated as the percentage of brightest pixels in the pIIa nucleus). Raw data (threshold value 100; lateral photo-conversion versus control) displayed statistically significant differences. Image processing efficiently extracted the signal of nuclear photo-converted NimMaple3, as shown by the increasing difference between ratio values measured before (À405 nm) and after photo-conversion (+405 nm; n = 6).
(G-G'') Photo-converted NimMaple3 (red/false colors) was detected in pIIa nuclei (SensGFP, green) at t30 in pupal legs following repeated UV illumination of the lateral domain at t15, t20, and t25. (H) Plot showing the pIIa/pIIb ratio values of photo-converted NimMaple3 (as in F) in control cells (no photo-conversion, black) and upon photo-conversion of the apical (red) and lateral (blue) pools. Higher levels of photo-converted NICD were detected in pIIa upon photo-conversion of the lateral versus apical pool of Notch (n = 25 for each condition). In (F)-(H), data are represented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S4 .
Consequently, the subcellular location of Notch receptor activation in vivo and the relative contribution of the different pools of Notch to signaling remain unknown. Here, we developed two complementary fluorescent-based approaches to track for the first time where NICD comes from. We showed that Notch receptors present basal to the midbody along the pIIa-pIIb interface contributed to the accumulation of NICD, whereas receptors located apical to the midbody did not significantly contribute to NICD production. To our knowledge, this study provides the first in vivo analysis of ligand-dependent Notch receptor activation at the cell surface. Moreover, the photo-bleaching and photo-conversion approaches used here should be broadly applicable in model organisms that can be genetically engineered and easily imaged.
Other sites of Notch activation had previously been proposed in pIIa. In one model, based on the specific requirements for Arp2/3 and WASp activities for both Notch signaling and actin organization [53, 54] , Dl at apical microvilli in pIIb would activate Notch located apically in pIIa [53] . However, loss of Arp2/3 activity also disrupted cortical actin along the basal pIIa-pIIb interface [53] , suggesting that regulation of the actin cytoskeleton at this location, rather than at microvilli, may be key for receptor activation. In a second model, Dl-Notch signaling was proposed to occur at the new apical pIIa-pIIb junction [13] . This model was largely based on the detection of Notch at this location. Our study, however, indicated that this pool of Notch did not significantly contribute to the production of NICD in pIIa. In a third model, Notch activation was proposed to occur in specific Sara-positive endosomes in pIIa [55] . Whereas the possible contribution of these endosomes to NICD production could not be directly addressed by photo-tracking, two lines of evidence suggest that their contribution can only be minor. First, live imaging of Notch failed to detect this pool [32, 38] , indicating that this pool represents a minor fraction of Notch in pIIa. Second, symmetric partitioning of Sara endosomes did not affect the pIIa-pIIb decision, indicating that this proposed pool is not essential for fate asymmetry [56] . Finally, the nature of the mechanical force acting on Notch at the limiting membrane of the Sara-positive endosomes remains to be addressed. In summary, all available data are fully consistent with our conclusion that receptor activation occurs mostly basal to the midbody.
Whereas our experiments identified the signaling pool of Notch along the pIIa-pIIb, they did not, however, address whether S3 cleavage takes place at the cell surface or intracellularly following endocytosis. Indeed, the photo-tracking approach used here did not inform whether the activation of Notch by Delta, i.e., s2 cleavage, is followed by S3 cleavage at the same location or whether S2-processed Notch is internalized to be further processed in signaling endosomes [57] . We note, however, that the accumulation of lateral Notch observed in Psn mutant cells is consistent with S3 cleavage taking place, at least in part, at the cell surface.
Our work also sheds new light on the general mechanism whereby Notch signaling is specifically restricted to sister cells within a lineage. In several tissues, including the gut [58, 59] , lung [7] , and CNS [3], Notch regulates intra-lineage decisions between sister cells soon after mitosis. Here, we propose that Notch-mediated intra-lineage decisions are directly linked to division. Indeed, we suggest that ligands and receptors localize to the lateral membranes that separate the two sister cells at cytokinesis so that Dl-Notch signaling is primarily restricted to sister cells. Thus, neighboring cells-belonging to other cell lineageswould not interfere with intra-lineage fate decisions. Our data indicating that Neur-dependent activation of Notch by Dl predominantly occurs along the pIIa-pIIb lateral interface, basal to the midbody during cytokinesis, fully support this model. Also, the observation that core components of the secretory machinery, e.g., Sec15, are specifically required for Notch signaling in the context of intra-lineage decisions [60] is also consistent with this view. Thus, targeting both receptors and ligands along the newly formed interface during cytokinesis provides an elegant mechanism to restrict signaling between sister cells, thereby ensuring that intra-lineage signaling regulates intra-lineage fate decision. Because Notch generates fate diversity within neural lineages in both vertebrates and invertebrates, this mechanism of intra-lineage signaling may be conserved.
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Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Flies and CRISPR-mediated HR Flies were kept at 25 C, unless noted otherwise. The following flies and transgenes were used in this study: Dl GFP , a GFP knock-in line produced by CRISPR-HR (GFP at amino acid position 765 in the intracellular domain; the 3xP3-RFP marked was still present 3 0 of the Dl gene in this chromosome) [26] ; NiGFP4Cherry5, a BAC transgenic line encoding a dual-tagged version of Notch [38] ; NeurGFP, two BAC transgenic lines encoding a GFP-tagged version of Neur integrated at positions 22A3 (VK0037) and 99F8 (VK0020) [44] ; Cad-GFP, a GFP knock-in allele of shotgun [63] ; Baz-Cherry, a transgene expressing mCherry-tagged Baz under the control of an ubiquitous promoter [64] ; Dlg1-GFP (BL-50859); Cherry-MyoII, a transgene expressing Cherry-tagged MyoII under the control of the sqh promoter (BL-59024); neur-iRFP670nls, a transgene expressing the far-red fluorescent protein iRFP670 fused to a nuclear localization sequence (nls) under the control of the neur regulatory sequences [38] ; SensGFP, a BAC transgenic line encoding GFP-tagged Senseless (Sens; BL-38666); other flies were: Ubx-flp; UAS-Brd R [44] ; UAS-dsRNA-numb (from R. Ueda); N 55e11 ; Psn 143 ; neur PGal4 [27]; pnr-Gal4 and tub-Gal80 ts (BL-7019). FLP/FRT clones were detected using loss of nuclear RFP. To study the effect of Brd R overexpression, neur PGal4 UAS-Brd R larvae were grown at 20 C to prevent ectopic and lethal expression of Brd R and staged 0h APF pupae were switched to 29 C to increase Gal4 activity. The BAC encoding GFP-E(spl)m8-HLH was generated from the attB-P[acman]-Ap BAC encoding the whole E(spl)-C [65] . This BAC was modified using recombineering mediated gap-repair to introduce GFP at the N terminus, with a GVG linker. Recombined regions were verified by sequencing prior to phiC31-mediated integration at the M{3xP3-RFP.attP}ZH-51D site. The transgenic GFP-E(spl) m8-HLH BAC rescued the lethality associated with a deletion of the E(spl)-C.
We used CRIPSR-mediated HR to tag intracellularly the endogenous N gene with GFP and Maple3. The NiGFP and NimMaple3 receptors resulted from the insertion of sfGFP and mMaple3, respectively, at amino acid position 2388 in the intracellular domain of Notch (exactly as in the BAC-encoded NiGFP that we generated earlier; see [32] ). CRISPR-mediated GFP knock-in was achieved by injecting three plasmids, a donor template with two gRNAs, into Cas9-expressing embryos. The following gRNAs were selected using the Optimal Target Finder tool (http://flycrispr.molbio.wisc.edu/tools):
Oligonucleotides were cloned into pU6-BbsI-chiRNA (Addgene #45946) as described in http://www.addgene.org/crispr/ OConnor-Giles/. Donor templates for HR were produced by BAC recombineering in E. coli using a Notch BAC [32] . The PAM sequences targeted by the gRNAs were mutated in the donor templates to avoid their Cas9-mediated cleavage. The 3xP3-RFP marker flanked by loxP sites was produced by gene synthesis and inserted 613 nucleotides downstream of the stop codon of Notch. The fly optimized sequence of mMaple3 [50] flanked by 80nt-long homology arms was obtained by gene synthesis. Left and right homology arms for CRISPR-mediated HR were 1 kb long. Additional cloning details will be provided upon request. A mix of donor template (300 ng/ml) and gRNA plasmids (150 ng/ml) was injected into 900-1,200 embryos from the PBac{vas-Cas9}VK00027 stock (BL-51324). Correct recombination events were checked by PCR. These new knock-in alleles of N were viable and fertile and adult flies displayed no obvious developmental defects, indicating that these modified N receptors were active. The alleles used in this study still carried the 3xP3-RFP marker located 3 0 of the N gene. These flies are noted N iGFP and N iMaple3 . 
Genotypes
METHOD DETAILS
Immunostaining and live imaging Pupae were collected at puparium formation (0h APF, hours After Puparium Formation) and processed for staining and live imaging at 16h30 APF for SOP analysis in the notum (at 25 C; or 14h APF at 29 C) and at 15h APF for SOPs of the pupal legs.
Staged pupae were dissected according to standard procedures. The following antibodies were used: GFP (goat, 1:1000, Abcam), DlICD (rat, 1:1000, gift from M. Rand) [61] and MyoII (rabbit, 1:2000, gift from D. Kiehart) [62] . Secondary antibodies (Jackson ImmunoResearch Laboratories) were used at 1:1000 dilution.
Live pupae were staged, mounted and imaged as described in [66] . Image acquisitions were performed at 20 ± 2 C, using a laser scanning confocal microscope (LSM780; Zeiss) with a 63x (Plan APO, N.A. 1.4 DIC M27) objective. In all experiments, t = 0 was the metaphase-anaphase transition.
To measure the apical and lateral pools of GFP-tagged Notch as well as GFP-tagged NICD, we quantified GFP signals using large z stacks (Dz = 0.5 mm) encompassing the whole epithelium. To avoid bleaching, these cells were imaged at a single time point. By contrast, nuclear GFP was measured over time in NiGFP4Cherry5 pupae in small z stacks centered at the nucleus level (from t10 to t40). Nuclei were identified using the SOP-specific iRFP670nls marker. ROIs delimiting the nuclei were drawn manually. GFP signals were measured on 2 images (Dz = 1 mm; sum projection). Similarly, Notch levels at the apical and lateral pIIa-pIIb interface were quantified on maximal projection of 2 images (Dz = 1 mm) using the ''auc'' function under R software applied to intensity profiles measured with ROIs of fixed dimensions that were manually set across the pIIa-pIIb interface. The same approach was applied to measure DlGFP and NeurGFP levels.
Photo-bleaching and photo-conversion Photo-bleaching of NiGFP was performed using the Zeiss LSM780 FRAP module with a 405nm diode laser (30mW) at maximal power (no iteration, pixel dwell = 3.21 ms). ROIs corresponding to the apical or lateral area of the pIIa-pIIb interface were bleached at t15, t20 and t25. Nuclear and interface GFP levels were quantified at t30. In both notum and legs, apical ROIs were defined using the NiGFP signal at t15 whereas lateral ROIs were defined based on the position of pIIa/pIIb nuclei. mMaple3-tagged molecules were photo-converted using a 405nm diode laser (30mW) at 1.8% power (40 iterations, pixel dwell: 1.58 msec). In experiments involving photo-conversion of mMaple3-tagged Notch at the cell cortex, an initial pre-bleach step (561 nm laser, 20mW at 30%) was performed at t10 on ROIs covering the pIIa and pIIb nuclei to decrease background signals in the acquisition channel for photo-converted MimMaple3. Repeated photo-activation was performed at t10, t15, t20 and t25, and nuclear signals were acquired at t30 using two-slice z stacks (Dz = 0.5 mm) centered on pIIa and pIIb nuclei. In initial experiments, we found that the laser used for photo-converted NimMaple3 also excited the iRFP670nls far-red marker used to identify SOP. This prevented us from measuring photo-converted NimMaple3 in nuclei marked by iRFP670nls. We therefore used SensGFP as a SOP-specific marker. However, since SensGFP remained partly cytoplasmic after mitosis, the apical pIIa-pIIb interface could not be identified in the notum.
Images were then processed using Fiji scripts. First, ROIs delimiting the pIIa and pIIb nuclei were automatically drawn and photoconverted NimMaple3 signals were measured on 2 images (Dz = 1 mm; sum projection). We then applied an intensity threshold that was calculated so as to select a given percentage of pixels in pIIa (from 100% to 5%). This threshold value was then subtracted to all pixel values in pIIa and pIIb nuclei (to substract noise) and pixels with positive intensity values were kept to calculate a mean pIIa/pIIb ratio. The same imaging processing was applied to the no UV-illumination controls as well as to the NiGFP4Cherry5 signals.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical details (n, number of cells, and p values) as well as dispersion measures (standard error to the mean, s.e.m.) are given in the figures and figure legends. Statistical significance was tested by t tests or Wilcoxon tests depending on the normal distribution of the data sample as determined using a Shapiro test. Statistical significance was represented as follow: * p < 0.05, ** p < 0.01, *** p < 0.001
